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We consider the possibility of dark rnattcr trapped i], the solar systwn in boulid  solar orbits. If there exist
]ncchnnisms for dissipating cxces kinetic energy by an a~noullt  sutTcicnt for g,c.ncrati~ig bound solar orbits, t})cn
trapping of galactic dark matter might have taken place clur i~lg forloation of the solar system, or could be an
ongoing process. l’csitrlc  locations for accumulation of tra],~d  dark matter arc orbital rtz+cmrumcs  with tl,c
planets or regions in the outer solar systcm. R is possible to tmt for t}w prcscmc  of UII.SCCU matter by dctwtit,g
its gravitational effects. Current results for dynamical lilnits  obtained from allalyws of planetary cphwncris data
and spacecraft tracking data arc prcsctkcd. }’o.ssiblc future iloprovcn~crLs arc discussed.

1. INTRODUCTIC)N

1 )ark, or unseen, matter in tbc solar syst cm
could rmmal  its presence tbroug}l detectable grav-
itational cfiects. ‘J ‘he gravitational field of an
unsecm distribution of matter or of an individ-
ual body could measurably perturb the orbits of
t}m known planets. Well-obscrvccl comets (e.g.,
P/llrdlcy) can also be used to detect gravitatio~lal
perturbations. “J’hc motio]l  of a deep space probe
can be dctcrlnined  to an int,crcstirlg  lCVCI  of ac-
curacy by prwciscly meawring  t}m 1 )oppler  shift
of radio trans~nissiol)s  to and from t}m spacecraft.
Its clistance can also be accurately determi]md  by
Ineasuril]g tllc propagation tiloc  of a raclio rarlg-
ing sigrlal. in this paper, wc will hricfty review
clark lnattcx issues in the solar systmn, dynamic-
al tests, and a promising new Inethod that con-
sists of clctecting  the gravitational rcclshift with a
space probe.

IIeginuillg  in t}lc next Section, reasons arc givcll
for why we might expect to filld unseen matter iu
boLmcl  solar orbits, ancl where wc would most c!x-
pect to find these orbits. l)atk matter candidates
having the most likcli}loocl  of being prcwmt ill the
solar systcm at concentrations that could produce
detectable gravitational effects will be cliscussccl,
where bot}l  nontraryol]ic  and convwltiollal  fo~-ms
of matter arc consiclcrecl. Motivatirlg rc!asous, ar-
gumcnt,s for and against, and even evidmlcc of
ccwlain callcliclates,  will be given. In Section 3, cly-

]]alnical tests are discussed, ancl results obtained
fl om t}lc~o up to now are summarized. The pro-
pomd  gravitational rcds}lift test is described ill
Section 4. Concluding remarks appear in Section
5. liccause  of publication constraints on the tmn-
Lcr of pages allowed for this paper, the ILcfcrcnces
arc strongly recomlncllded  for further details on
the topicsi that follow.

?,. I) A}{.K M A T T E R .  I N  TIIE S O L A R
SYS1’EM

2.1 .  or~lit  Ilkapping
Given that t}]cre might exist a cosmological or

p,alactic back.grou~)c]  of clark matter [1], then we
woulcl cxr>cct a flux of material into the solar sys-
tmn at a rate c]cpcnc]cnt upon the dctwity of nlate-
ri.sl a~id relative velocities. Material could bccomc
trapped into bound solar orbits, providccl that
excess  kilmtic  mcrgy can bc rcmovecl. 1,imits on
the flux of extra-solar dust, comets, or mctcoroicls
}lave beetl cliscussed by ~]i]]s [2]. ~ollisiou  of SLICh
otrjcds  with t}]e Sun or a planet could lead to or-
bit trapping of residue or debris. Ccrtaill uncon-
vcntio~)a]  candidatrx  that arc dense and massive
crloup,}l  could pass completely through the Sun
or a pla))ct and loose enough energy to become
Loulld  i?ho orbit. l;xamples  of ca~ldiclates  that
could accornplis}l  this feat arc primordial black
}1o}w [3] or strmlge quark nuggets [4,5]. Non-
baryo~)ic partic]w  that interact o~Lly  weakly  with
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norlnal  rnattcr (e.g., Weakly interacting Massive
I’articles  [WJM1’S] [6]) could also become trapped
by this process. ‘J’he question is whether dark
matter could become concentrated in certain or-
bits at appreciable levels above the backgrotuld.
]n t}w illtm solar system, gravitational scattering
by Jupiter and the inner planets is expected to
preve~lt concentration of weakly irlteracting  par-
ticles above background levels duc to a process of
gravitational di~usion [7].

l)ark  rnattmr could have been brought into the
solar system during its initial stages of formation.
Molecular clouds in the galaxy are krlown  to be
sites of active star formation [8]. I’he gravita-
tional collapse of the early solar rlebula  could as-
sist in concentrating dark matter along with r]or-
rnal matter in the cloud. ‘J’}lis  process was corJsid-
ercd for the case of heavy neutrinos, with pron~is-
illg results irlitially  [9]. It was shown that the neu-
trinos could undergo dissipationlcss collapse and
violent relaxation with normal matter. 11’or dissi-
pative collapse, although the rmutriuos would be
left trehir]d, it was argued that their density would
still be cllhanced. Ilowevcr, it was later showrt
that this conclusion was erroneous and that erl-
ha?lcc~ncnt would not occur [1 O]. Ot}mr forms of
dark matter have becrl proposed that could UTI-
dcrgo significant  clissipatiorl and become corlcclL-
tratcd  in the solar systcm;  t}me are discussed
furlhcr  below.

‘J’rapped  particles or objects could persist irl
ccrlairl orbits for long periods of time at reso-
na~mc  locations (see [1 1] and refercr)cm thercir]),
although riot necessarily indefinitely [12, 13]. FOT
exarnplc,  t h e  astcroicl Lrelt populatiorl  increases
as wc ]novc inward from Jupiter, risirlg dran~at-
ically  within half-way the distance to Marx (see
Fig. 3 of ltef. [13]). ‘1’his  corrcs})onds  to a 2:1
resonance. Sig]]ificant  vacancies appear at higher
rcsorlances  (the famous Kirkwood [;aps). 1 )e
spite sul.mtalltial clearing; near Jupiter, there arc
populated regions at the stable 1,agl angc points
(’J’rojan astcroicls)  and at a 3:2 resonance (lIiIda
group). Tn the outer solar system, for example,
Pluto is in an il]tercsting 3:2 resonance with NclJ-
tunc [14]. Numerical studies have dcrnorlstratcd
lo])g orbital lifctilnes (of order 100 rnillio]l yrs and
greater) starting bcyolld  Ncptu]lc  (see l~ig.  2 of

Ref. [15]), suggesting the outer solar system as a
prorrlising place to probe for surviving dark n~at-
tcr.

2.2. Nonbaryonic  Candidates
In addition to weakly interacting particles,

such as WI M1’S, more strongly interacting
types of particla have been proJ)oscd, such as
CIIArged  Massive Particles (CIIAMI’S)  []6] and
Strongly Interacting Massive Particles (SIMPS)
[1 7]. ‘J’hese  particles have a nuu(bcr of poten-
tially  observable effects in the solar system, which
arc discussed in the preceding references. IIow-
evcr, a sigr~ificant astrophysics constraint is set
by the argurncrlt  that they would accumulate in
a neutron star and convert it to a black hole
[1 8]. Magllctic  rnonopolcs arc another possibil-
ity y. Meteorites have been analymd to search
for rnonopoles possibly embedded irl theln [19].
Strange quark rmggcts  or primordial black holes
could bccoxnc trapped irl t}lc solar system, as
rJlcrltioncd above, but, again, astrophysical con-
straints, as well as cosmological production con-
sideratio~)s,  would seem to limit anticipated abun-
darlccs severely. Another interesting possibility
is “shadow matter”, w})ic}l would interact only
gravitationally with normal matter [20]. I1ow-
cvcr, this very property WOUIC1  most likely lead
to segregation of the two forms of rnattcr irl the
galaxy.

Itat}lcr  than particles becoming trapped in tllc
solar systcnn,  the solar system could be cn~bcd-
clcd in a bourld system, or cloud, of particles. For
example, a “ncutrirlosphere”  has becu propos~,
irl which rnassless relic neutrinos arc bound to-
gether by exchange of a scalar boso]l [21]. II] or-
der for this ncutrino  background to explain the
low-energy tail irl tritiurn O-decay experitnerlts on
the earth, their total lnr~nbcr would need to have
a maw of 10-7 A40 within the orbit of Jupiter.
IIondillg interactions between WIMI’S  have also
been considered by otllcrs [22].

2.3. Conventional Canclidatm
III adclition to the krlowll planets, asteroids,

and periodic comets (for a survey, see Reference
[23]), other bodies or Jlopulatior]s  of objects have
been proposed to exist irl the outer solar system.
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ltcmidurd mrrttcr could be left there from the early
stagm of solar system forvnation [24,25], possibly
after having been scattered out of the inner solar
systetn [26]. In the outermost region, the Oort
cloud of cornets would provide the source of ob-
served long-p cr-iod comets (P >200 yrs) [27]. 1 t
could contain ncrtrly 10]3 comets in a spherical
shell between 104- 105 AU. ‘lihe total mass could
bc between 10 – 103 Ma),  depending upon the
si7c distribution and physical density of the bod-
ies. Starting just beyond  the orbit of Neptulw,
the Kuiper belt of comets could contain roughly
1 09 comets, wit]l a total mass of 0.3 Ma (or pos-
sibly }Iighcr) [28]. }’ossiblc  Kuipcr  belt mernbcrs
}mvc now been obsm-vcd mar the anticipated lo-
catio~l. Ground-based observations have revealed
objects with diameters estimated to be of order
100 km [29], while objects only 10 km in sim have
been found with IIubblc  Space ‘lklrxcope [30].

1,arger  planctesimals  could remain from the
early history of the solar systcrn. A class of Pluto-
size objects has beerl proJ~osed [31], based UI)OJ]
circulnstantial evidence for possible collision sce-
narios involving such objects and Uranus, Ncp-
tulm, and l’luto. originally,  they would have
rmrlnbered  between 102 – 104. Certain analyses
of observations of the orbits of Uranus and Nep-
tune have bcml i~lterprctcd  to imply tbc influmlcc
of a tm]th planet, knowl~  as I’larmt X. ‘i%c masses
proposed for it range between 0.5- 5 Ma). llow-
cvcr, a rccvrtluatio]l of the available data and ‘its
arlalysis disJJutcs  apparcmt evidrmcc for l’lanct  X
at presm)t [32]. Cosmogonical argmncllts  call also
be made for its ulllikcly formation [33]. A solar
compalliorl star }ms also been proposed of 0.1 MG)
in ali orbit with a scrnirnajor  axis of 105 AU (see
ILef. [34] for further discussion of this idea, a]ld
more generally on the topic of solar systm dark
rnattcr).

3. I> YNAMICAI,  ‘1’NS’I’S

11] this section, wc will review dy~lamical tests
that call bc performed to detect ulmxn  rnattmr
ill tllc solar systcln. l’hesc tests rely on observ-
ing the motion of known natural bodicx, o~- by
using techniques to track the rnotiorl of a spacc-
cmft.  ltach mcthocl }Ias certain merits, as well as

linlitations.

3.1. Observing Natural Bodies
Observations of the positions of the known

planets can bc fit by least-squares to a model for
the solar system [35 37]. An effort is rnadc to
rnwke the model tLs cornp]cte  and accurate as pos-
sihlc, which includes rnodcling gravitational per-
turbations from hundreds of kliown asteroids [37].
Any rernaitling  ddicicrlcies  in the model, such as
due to unseen gravitating maw, would bc appar-
ent from nongaussian  residuals after the fit, or by
all inability of the resulting cphcmericlcs to make
correct predictions in the future. l’his  method of
detecting unseeIl matter and its prcscmt capabili-
ties has been nicely reviewed irl Rcferencc  [38]. Its
.sensit ivity d cpcrids upon the rnr]nbcr and accu-
racy of the obscrvatioris. ]Iighly accurate, direct
rncrwurernmlt of t}w clistancc  to a p]anct by radio
rangillrg  to a space probe has provided the greatest
irnproverncv]t  in scrxsitivity.  l,irnits obtairled as of
] !)$9 on u]lsecn mass assumed to be spherically
distributed illtcrior to the orbit of a pl~rmt have
berm co~npilcd in ‘1’able 1 of ILefere)mc [34], where
results obtained up to Urrirws were included. An
a]lrdysis that i!lcludcs ranging data olrtairred with
tlm Voyager 2 spacecraft during its flyby of Nep-
tllnc has since Lcen completed [39], yielding a
]irnit of (- 2.04 1.8) x 10-6  MO at that distance
f] orn the least-squares fit that was done. Wc earl
only speculate at this poil]t whcthrx t}m ncgyrtive
sign is suggestive of attraction from additional
~r)ass bcyoncl. ‘l$hc a.wurnptiorl  of a sp},wically
s.y!nmctric distr itrution in these analyses greatly
siln~jlificxl  the co]nputer  rnodclirlg; more spcwific
rnodcls rcnlairl to IJc thoroughly testcxf (e.g., a
belt of material). I,i]nits that could be obtairmd
on the mass of the Kuipcr belt have been dis-
cussed in Rcfcrcnm  [38]. A limit of roughly 0.3
Ma] IIas Iree]l derived from observations of comet
l’/1lrilley,  but must bc treated cautiously.

3.2. Spacecraft ‘1’racking
1 )eep space probes, such as l’ioneer  and Voy-

ap,er, can bc tracked to large distance  ill the SO-
lar system, arid to high precision, with the large
radio alltcnlllas of the NASA lkwp Space Net-
work (INN). l’ioneer  is the most useful for testing
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for cfynamical  perturbations from unseen mass,
the reason being that it is spin-stabilized. llc-
cause the Voyager spacecraft is threeaxis  stabi-
lized, necessary attitude control maneuvers  lilnit
its usefulness aq a dynamical probe. Over time,
small residual translational acceleration errors
could accutnulate,  rnaqking t}lcsought-aftcr  grav-
itational signatures from unseen mass. In cittm
case, a variety of other no~l-gravitatiorlal  aced-
cration sourccx3 also must, be accounted for accu-
rately, the list includillg solar radiation pressure,
photon-thrust from the spacecraft transmitted ra-
diosigmal, oranisotropic  thmmalemission.  ‘l%crc
also exists a potmltial threat from thruster leaks
too slnall  to be detected by on-board sc~lsors.

lIOSS allcf l’talc considered the cflcct  of the ~nass
of aring of cometary bodies on thel’ionecr  [40],
assulning  alinlititl gselwitivit.y  of 10- 11 kIn/s2 ill
1975. IIy 1984, as the spacecraft approached a
distanceof  35 AU, it was concludwf fro~n furt}mr
allalyses that }’ioneer  acceleration errors did ~lot
exceed 5 x 10- 14 kill/s2 over 6 month integration
intervals [41]. ‘l’his  provicles a limit of 5 Maj fora
ring assu]nccl  to lie bctwecnl 35- 56 AU, subject
to the caveats in the preceding paragraph. ‘1’hc
gravitational tug from individual bodies that the
l’ionecr  might pas call also bc tested. l’luto-
simd objects WOUICI  hc detectable at a flyby dis-
tance of 0.3 AU for the limiti~lg setlsitivity  quoted
(see ltcf.  [31]). }Ioth spacecraft continued to
provide useful I)opplc.r data until the rccciveroll
}’io~leer 11 ccmcd to function in October 1990.
l)opplcr data was still bci)lg  provided by I’ioneer
10 after that point. At a rate of 2.3 AIJ/yr,  it
will have reached a distance of greater tharl 70
AU fro~~~tl,e S~lrlby t}lcycar 2000.

4 .  A  PROI’OSE1)  NltW I’ES’I’

A spacecraft ~ui~)ped  witllastablc freclllc]lcy
standard could bc used to measure the grav-
itational redshift p r o d u c e d  by u]isccn m a s s ,
as proposed in ltcfcrcnce  [42]. For a coher-
cnltly  trallspondecl  raclio sig[}al,  the gravitational
red(bluc)shift  shift cancels out in the signal re
ccivcd  back on the grou])d, w}mrcas tl~c I)opplrx
shift from the velocity is multiplied by a facto]
of  two.  IIy clifTcrc~lcing the ~ncasurcc] frccjuc]lcy

of a signal transmitted
craft ancl one-half that

directly froln the space-
of a transponder signal,

non-gravitational errors in the I)opp]cr  shift can
be removed to first order in the velocity. The
gravitational rcdshift could then be tested with
a scmsitivity that is limited mainly by the sta-
bility of the on-board frequency standard. Cer-
tain atomic frequcuicy standards potentially could
}lavc enough long-ter~n stability to permit this
tcchniquc  to meet or exceed the sensitivity of co~l-
ventio~la]  IIoppler  tracking. lkapped-ioll  statl-
dards are now beil)g built,  and tested at J]’], that
could Incet the required stability, as well as sat-
isfy low-mass and low-power corlstraints  for use
0]1 a spacecraft.

5 .  CONC),USIONS

We have discussed possible forlns of dark n~at-
ter that could be trapped in solar system orbits
and trots for their gravitatio]lal effects. Candi-
dates from a galactic or cosmological background
might reach detectable levels, but a dissipation
or i~ltc.raction mechanism is required for them to
coxlccmtrate with suw]cicnt total mass. At the
same tirnc, sue}] models would have to avoid po-
tentially more stringent astrophysics co]lstraillts.
‘1’hc outer solar system starting beyond Nc})-
tulle appears to be the most promising place to
fiyld substantial amounts of material persisting in
bourld orbits for up to the age of the solar sys-
telI1. I)yllalnical tests using t}le pla]lcts, comets,
atld deep space probes have provided some li~w
its up to now. q’cstit]g for gravitatiorlal  rcdshifts
with a deep space probe could substantially aug-
~nm]t testing for dynamical effects, a~]d with fu-
ture ato~nic frecluency standards potellt,ially  could
}Iave even greater Scllsitivity  to ulwecm maw.
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